When soybean (cv. Harosoy 63) hypocotyls were inoculated with Phytophthora capsici, a nonpathogen of soybean, the fungus grew in the hypocotyls until 8 to 10hr after inoculation but then growth was strongly inhibited. This growth inhibition was accompanied by rapid accumulation of a phytoalexin glyceollin. No fungal growth inhibition was observed, however, in hypocotyls treated with blasticidin S, in which glyceollin accumulation was greatly suppressed, and a completely susceptible-type disease symptom appeared in the treated hypocotyls.
Introduction
The production of antibiotic molecules, phytoalexins, has been demonstrated in many plant tissues in response to microbial infection1, 3, 13 Glyceollin is a phytoalexin produced by soybean, comprising three isomeric 6a-hydroxy pterocarpans. Yoshikawa et al.14, 17) showed that infection of soybean hypocotyls with its pathogen, Phytophthora megasperma f. sp. glycinea, resulted in rapid accumulation of glyceollin at the localized infection site of the incompatible soybean cultivar Harosoy 63, but not of the near isogenic compatible cultivar Harosoy, to concentrations that exceeded the ED90 value for inhibition of the fungus at or before the observed time when fungal growth ceased in the host. They14,17,18) also demonstrated that suppression of glyceollin accumulation by transcription and translation inhibitors concomitantly negated resistance expression in soybean hypocotyls when inoculated with incompatible races of P. megasperma f. sp. glycinea as well as various Phytophthora species, including P. capsici, that were normally nonpathogenic to soybeans, and these fungi grew as well in soybean hypocotyls as did the compatible races of P. megasperma f. sp. glycinea. Such concomitant suppression of glyceollin accumulation and soybean resistance has also been demonstrated in the hypocotyls treated with the herbicide glyphosate2) and L-2-aminoxy-3-phenylpropionic acid4), inhibitors of phenylalanine biosynthesis and its metabolism, respectively. Although these results strongly suggest that glyceollin accumulation is responsible for both cultivar-specific and general resistance in soybean, direct evidence that glyceollin is active in situ to the invading pathogen is lacking.
In the preceding paper7), we provided evidence to support that glycellin acted as an antagonist of plasma membrane functions in hyphae of P. capsici used as a test fungus sensitive to the phytoalexin. Ultrastructural study also showed that the structure of plasma membranes of the fungus was rapidly distorted in a characteristic manner following glyceollin treatment.
Since such characteristic distortions of plasma membrane structure was not induced by other tested growth inhibitors, it would seem that they may be used as a morphological marker representing the glyceollin action. If similar Ultrastructural distortions of plasma membranes are observed in infecting fungal hyphae in resistant-responding soybean hypocotyls, this would provide independent evidence that glyceollin is active in situ in inhibiting the growth of invading fungus. The present study was therefore undertaken to examine the ultrastructural changes in infecting fungal hyphae in resistantand susceptible-responding soybean hypocotyls. The results showed that plasma membrane distortions characteristic to those observed in glyceollintreated fungus were observed in infecting hyphae only in resistant-responding hypocotyls but not in susceptible-responding ones, consistent with the presumed in situ role of glyceollin during the expression of soybean resistance. An abstract reporting a portion of the present investigation has been published6).
Materials and Methods
Plant and fungus. The soybean [Glycine max (L.) Merr.] cultivar Harosoy 63 was grown as described previously15). Phytophthora capsici Leonian was used in this study since the Ultrastructural effects of glyceollin on this fungus have been characterized in the previous study7). The fungus was maintained on V-8 juice agar. For inoculum production, the fungus was grown for 3 to 4 days in a pea broth medium15) and (d)]. These plasma membranes again resemble those in hyphae at early stages after glyceollin treatment in vitro. Furthermore, the periodate-chromate-phosphotungstate staining procedure9), which accentuates the appearance of plasma membranes, clarified early morphological alterations of plasma membrane abnormality in resistant-responding hypocotyls (Plate III). In addition, plasma membranes and vesicle-like structures observed around distorted plasma membranes were equally stained with the chromate reagents, suggesting that the vesicles probably originated from the fragmentation of plasma membranes.
At advanced stages of the resistant interaction, however, fungal hyphae were totally disorganized (Plate IV). The ultrastructural changes observed at the advanced stages of infection were also similar to those observed in the hyphae treated with glyceollin in vitro for prolonged periods7).
In contrast to the fungal ultrastructure in the resistant-responding hypocotyls, any signs of damages of plasma membranes or intracellular structures were not observed in the corresponding hypocotyls treated with blasticidin S, even at 18hr after inoculation [Plate V (a) and (b)], in which glyceollin accumulation was greatly diminished and the hypocotyls responded compatibly to P. capsici. Low magnification electron micrographs contrasting fungal ultrastructure in blasticidin S-treated and untreated hypocotyls show that these ultrastructural responses occur uniformly in the majority of infecting hyphae [Plate VI (a) and (b)]. Furthermore, the frequency of plasma membrane damage observed in hyphae invading the blasticidin S-treated hypocotyls at 12 or 18hr after inoculation was low as the hyphae in the untreated hypocotyls before the expression of resistance (5hr after inoculation), which also contrasts with the high frequency in hyphae in the resistant-responding hypocotyls at 12 to 18hr after inoculation (Table 1 ).
Discussion
Our previous biochemical and electron microscopic study7) showed that fungal plasma membranes appeared to be the most sensitive sites to glyceollin action, and their ultrastructure was characteristically distorted following glyceollin treatment of fungal hyphae in vitro. Such characteristic plasma membrane distortions were not induced by other tested toxicants of fungal growth. The results therefore suggested that the observed plasma membrane distortions are not a nonspecific general response of fungal hyphae due to growth inhibition caused by a variety of toxicants. Instead, such plasma membrane structure could be taken as a characteristic morphological marker for glyceollin action on fungal hyphae. The present study indicated that the fungus in resistantresponding soybean hypocotyls exhibited plasma membrane abnormalities characteristic to those observed in the in vitro glyceollin-treated fungus.
These results therefore appear to provide additional independent evidence for the presumed role of glyceollin in the soybean resistance that glyceollin is indeed active in situ in inhibiting growth of the invading fungus.
There are some indications that the modes of action of phytoalexins in situ in hostparasite interactions may be different from their in vitro action, and the possibility that phytoalexins interfere with some fungal processes specifically related to pathogenecity, rather than pathogen growth itself, has been suggested. Capsidiol8), for instance, was shown to inhibit pectolytic enzyme activity elaborated by the pathogen, and pisatin5) to inhibit fungal infectivity at much lower concentrations than those required to inhibit growth. The present ultrastructural study suggests, however, that the major mode of glyceollin action in vitro is likely operating in situ as well.
Growth retardation of P. capsici in resistant-responding soybean hypocotyls occurred 8 to 10hr after inoculation [ Fig. 1 (a) ], concomitant with accumulation of glyceollin in inoculated tissues [ Fig. 1 (b) ]. Ultrastructural abnormality in plasma membranes in invading hyphae was, however, readily observed only after 12hr or later, and at 9hr their frequency of observation was low (Table 1) . On the other hand, the fungus treated with glyceollin in vitro manifested rapid ultrastructural plasma membrane abnormality within 30min7). Although the precise cause of the apparent time delay between the initiation of growth inhibition and the appearance of ultrastructural abnormality in invading hyphae is not indicated by the present study, one possible reason may be that the fungus is more structurally insensitive to glyceollin in situ where accumulation of glyceollin gradually occurs than in vitro where the fungus suddenly encounters high concentrations of the phytoalexin.
During the course6) of our study, Stossel et al.10) reported ultrastructural distortions of plasma membranes, similar to those observed in the present investigation, in hyphae of P. megasperma f. sp. glycinea in soybean hypocotyls treated with the systemic fungicide metalaxyl which prevented fungal development in the hypocotyls, accompanied by enhanced glyceollin accumulation.
Although it was not clear in their study whether the observed distortions were caused directly by the fungicide or by the enhanced host resistant mechanism involving glyceollin accumulation, our present study strongly suggested the possibility of the latter case. This contention is consistent with the recent study12)
indicating that metalaxyl inhibition of the fungus in soybeans is probably mediated by the host defence response.
The present study used P. capsici as an inoculation fungus, mainly because the ultrastructural alterations of this fungus in response to glyceollin has been characterized7). 
